Abstract-In this paper, a tap-wise LMMSE channel estimator for MIMO W-CDMA is derived. Descrambling operations applied to delayed versions of the received signal whiten the input signal. The descrambling process thus breaks up the full channel autocorrelation matrix (including spatial and temporal correlation) into several independent, small autocorrelation matrices that include only spatial correlation. The problem of estimating the channel autocorrelation matrices is tackled by an "instantaneous" autocorrelation estimator that uses only one channel estimate (obtained by a very low complexity channel estimator) as input. Simulation results of a MIMO HSDPA system show that the tap-wise LMMSE estimator with instantaneous channel autocorrelation estimation yields performance gains of up to 0.85 dB over a correlation-based channel estimator. Even larger gains can be achieved with improved channel autocorrelation estimators.
I. INTRODUCTION
Channel estimation in W-CDMA networks is strongly affected by interference that can be divided into intra-cell and inter-cell interference. At the basestation usually only a small amount of power (approx. 10%) is dedicated to the pilot channels that can be used for channel estimation. The remaining power is dedicated to all other channels and is thus considered as intra-cell interference for the channel estimator. The amount of intra-cell interference increases with the number of users receiving data in one cell since more spreading codes are used simultaneously at the basestation. Furthermore, the intracell interference also increases with the number of transmit antennas (which becomes for example relevant for the already specified MIMO extension in UMTS [1] ) at the basestation since the same spreading codes are reused at each transmit antenna. Inter-cell interference becomes crucial at the cell edges where the received power of the desired basestation is in the order of the received power from other basestations.
A good channel estimator performance can therefore only be achieved if the estimator takes all types of interference into account. This can be done for example by an LMMSE channel estimator. However, it turns out that the resulting matrices that have to be inverted become very huge (5120×5120 for a 2×2 MIMO system with slot based channel estimation) [2] prohibiting real-time implementations. In this paper we propose a so-called tap-wise LMMSE channel estimator that whitens the receive signal by a descrambling operation. It is shown in the paper that the descrambling operation removes the temporal correlation from the received signal. Thus, the descrambling allows for tap-wise channel estimation which is of very low complexity.
The paper is organized as follows. Section II describes our system model which considers intra and inter-cell interference. Three kinds of channel estimators, namely the LS estimator, a correlation-based estimator, and the tap-wise LMMSE estimator, are presented in Section III. Simulation results utilizing a physical layer TxAA (Transmit Antenna Array) [3, 4] HSDPA (High Speed Downlink Packet Access) simulator are presented in Section IV. Finally, we draw our conclusions in Section V.
II. SYSTEM MODEL
We define the spread pilot chip sequence p
Using the definitions of the transmit signal X i and of the channel matrices H k , we can express the receive signal of all receive antennas compactly as
Here, the matrix N i accounts for the interference of other basestations (inter-cell interference), as well as the thermal noise generated in the radio frequency frontend of the receiver. Note that the actual structure of N i is irrelevant for the tapwise LMMSE estimator since the interference will be whitened by the descrambling operations.
III. CHANNEL ESTIMATORS
In this section, we derive the Least Squares and a correlation-based channel estimator. These estimators are often used in CDMA systems because of their low complexity [5] . Furthermore, we derive the tap-wise LMMSE estimator that shows superior performance compared to the two other estimators.
A. Least Squares Estimator
A low complexity channel estimator with reasonable performance is the Least Squares (LS) channel estimator. The LS estimator can be derived by reformulating the system description in Equation (6) to
where we used the stacked matrices
It can be easily verified that the LS estimator for the system description (7) is given bŷ
single tap estimator single tap estimator single tap estimator 
B. Correlation-based Estimator
The matrix P H iP i that has to be inverted during the calculation of the LS channel estimate is close to a diagonal matrix. Therefore, a good approximation for (11) is given by [6] 
Here,
is the energy of the pilot sequence transmitted at one transmit antenna (we implicitly assume that the energy of the pilot sequences do not change over time and that it is the same for all antennas). This estimator in fact corresponds to a simple correlator with a subsequent energy scaling.
C. Tap-wise LMMSE Estimator
A common problem of LMMSE channel estimation is that the autocorrelation matrix of the receive signal (which depends on the autocorrelation matrices of the channel and the noise) is unknown and has to be estimated. Especially in time dispersive MIMO channels, the full autocorrelation matrix becomes huge and very hard to estimate with high accuracy. Neglecting parts of this matrix reduces the complexity of the estimator but also sacrifices performance.
We tackle the problem of the huge autocorrelation matrices with the estimator structure illustrated in Figure 1 . Here, the receive signal is first descrambled with delayed versions of the scrambling sequence S i of the basestation. The descrambling operation acts as a whitening or decorrelation filter. The output signal of the descrambler is therefore only spatially correlated. As will be shown in the following, this structure greatly reduces the size of the autocorrelation matrices and allows for estimating the MIMO channel matrix at every delay individually. Hence, we call this estimator the tap-wise LMMSE channel estimator.
For the m-th channel tap (0 ≤ m ≤ L h −1), the signal after the descrambling operation is given by
This description can be reformulated by using the vec (.) operator
where ⊗ denotes the Kronecker product. The LMMSE estimator of the MIMO channel matrix at time delay m is given byĥ
The cross correlation R hmr is given by
where we assumed E{D i−m } = 0 and E{S i−m } = 0.
For the following derivation, we assume that the time correlation of the channel coefficients is zero between different delays m, i.e. E h m h H k = 0 for k = m. This assumption will lead to a very intuitive approximation of R rr . The autocorrelation matrix of the receive signal is thus given by
This expression can be simplified using the following theorem. . . . a (1,N b ) . . . . . . . . .
. . . a
. . .
the elements of A are uncorrelated and identically distributed with zero mean and variance σ 2 a , the elements of b are identically distributed (not necessarily uncorrelated) with zero mean and variance σ 2 b , and the elements of A and b are statistically independent, we have
The proof of this expression is carried out by first showing
which itself can be shown by simple inspection of the matrixvector multiplication. Lemma 1 can be used to simplify Equation (17) 
The first term in (21) corresponds to the received energy of the pilot signals arriving at delay m at the receiver. The three remaining terms in (21) almost add up to the total receive energy. The difference to the total receive energy is only given by the pilot energy which is usually low (about 10 % of the total base station transmit energy). We therefore replace them by a diagonal matrix with the receive energy on the main diagonal,
Here, σ 2 r corresponds to the average receive power per antenna. The first term in (22) is composed of the pilot signals and the channel correlation matrix at time delay m. The second term is approximated by the total received signal power. Using this approximation, the LMMSE estimator for the channel coefficients at delay m is given bŷ
Applying the Woodbury identity [7] for positive definite matrices P and R
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and the relation (A ⊗ B)(C ⊗ D) = AC ⊗ BD, the LMMSE estimator can be reformulated tô
However, this LMMSE estimator requires the knowledge of the channel autocorrelation matrix R hmhm , which is usually not known. In our simulations we will consider the case of a perfectly known channel autocorrelation matrix and the case of "instantaneously" (similar to an approach for OFDM channel estimation presented in [8] ) estimating this matrix. Note that any channel estimator utilizing an improved estimate of the channel autocorrelation will show a performance between those two cases.
Instantaneous channel autocorrelation estimation
The LMMSE channel estimator using the instantaneous channel auto correlation can be described by the following threestage process: 1) Perform a correlation based channel estimation
with p
2 (assuming that the pilot power is equally distributed over the transmit antennas). 2) Calculate the channel gains, and assume them to be spatially uncorrelated. Here, we use the notation (.) n for denoting the n-th element of a vector.
3) Use the estimate of R −1 hmhm in the equation for the LMMSE estimate to improve the correlation based channel estimatê
At the cost of higher complexity, the LMMSE channel estimate obtained in Step 3 can be used to improve the estimate of the channel autocorrelation matrixR hmhm in Step 2. Subsequently, the channel estimate can be improved again. Although we will not consider such an iterative channel estimator structure in the following, first simulation results showed that the channel estimator MSE can be further decreased compared to a non-iterative structure.
Complexity Considerations
The computational complexity of the tap-wise LMMSE channel estimator with instantaneous autocorrelation estimation is slightly increased compared to the LS channel estimator. The first step of both both estimators-the calculation of the [10, 11] correlation-based channel estimate-is exactly the same. In the second step, N R matrix inverses of dimension N T × N T have to be calculated for every channel tap. The increased complexity of the tap-wise LMMSE channel estimator basically comes from the multiple descrambling operations and the estimation of the channel autocorrelation matrix like, e.g., in (27).
IV. SIMULATION RESULTS
In this section, link level simulation results for a TxAA HSDPA system are presented. We simulate the experienced data throughput of one user (the "desired" user in the following) in a fully loaded cell, i.e., strong interference is generated by the data channels assigned to three other users. We assume that the three other users are at a constant position in the cell, i.e., their channel stays constant. Therefore, the E c /I or (the ratio defining the amount of the total basestation power allocated to these users) values as well as the precoding coefficients of the other users are assumed to be fixed. The precoding coefficients of the desired user are adaptively adjusted, as defined for TxAA [3] . In the simulations we employ a low complexity interference aware LMMSE equalizer [10, 11] in contrast to optimum MIMO detection algorithms [12] . Our simulation settings are shown in detail in Table I . Figure 2 and 3 show the simulated data throughput over an uncorrelated Pedestrian B channel for a 2 × 1 and a 2 × 2 system, respectively. The LS estimator shows only slightly better performance (about 0.2 dB) than the correlation based estimator since it only accounts for the imperfect orthogonality of the training sequences (the factor (P (11)) and it does not consider interference at all. The tap-wise LMMSE with the simplest possible (instantaneous) channel autocorrelation estimation already outperforms the correlation based estimator by about 0.5 dB in the 2 × 1 and 0.85 dB in the 2 × 2 system. If a better channel autocorrelation estimator is implemented these gains can be increased to 0.8 dB and 1.35 dB, respectively. Table II summarizes The gains are given at 90 % of the maximum throughput for the simulated CQI value, since [3] specifies that the mobile equipment should adjust its reported CQI value in order to achieve a 10 % block error ratio. The tap-wise LMMSE channel estimator shows good performance while the complexity is only slightly increased compared to the LS channel estimator. Depending on the type of channel autocorrelation estimation and the interference situation of the receiver, the performance gain over the correlation-based channel estimator is between 0.85 and 1.35 dB in the simulated scenario. The complexity increase over the LS estimator is mainly caused by the multiple descrambling operations (one descrambler for every tap that has to be estimated, just as in a standard RAKE receiver) and the estimator for the channel autocorrelation function. In future work, an iterative estimator structure that alternately improves the accuracy of the channel estimate and the channel autocorrelation estimate will be investigated.
